ABSTRACT The voltage sensor is a four-transmembrane helix bundle (S1-S4) that couples changes in membrane potential to conformational alterations in voltage-gated ion channels leading to pore opening and ion conductance. Although the structure of the voltage sensor in activated potassium channels is available, the conformation of the voltage sensor at rest is still obscure, limiting our understanding of the voltage-sensing mechanism. By employing a heterologously expressed Bacillus halodurans sodium channel (NaChBac), we defined constraints that affect the positioning and depolarization-induced outward motion of the S4 segment. We compared macroscopic currents mediated by NaChBac and mutants in which E43 on the S1 segment and the two outermost arginines (R1 and R2) on S4 were substituted. Neutralization of the negatively charged E43 (E43C) had a significant effect on channel gating. A double-mutant cycle analysis of E43 and R1 or R2 suggested changes in pairing during channel activation, implying that the interaction of E43 with R1 stabilizes the voltage sensor in its closed/available state, whereas interaction of E43 with R2 stabilizes the channel open/unavailable state. These constraints on S4 dynamics that define its stepwise movement upon channel activation and positioning at rest are novel, to the best of our knowledge, and compatible with the helical-screw and electrostatic models of S4 motion.
INTRODUCTION
Voltage-gated sodium channels (Na v s) are large membrane proteins that sense and respond to changes in the membrane potential by opening and allowing for inward flux of sodium ions (activation) followed by fast inactivation. This ability underlies the generation of action potentials and their mediation in excitable cells and tissues (1) . Whereas the eukaryotic Na v a-subunit is composed of four homologous domains (DI-DIV), the bacterial voltage-gated sodium channel from Bacillus halodurans (NaChBac) is a homotetramer of a 6TM segment (2) . Like other members of the voltage-gated ion channel superfamily, NaChBac is composed of a voltage-sensor module (voltage-sensing domain (VSD)) formed by four membrane-spanning helices (S1-S4), and a pore-forming module consisting of two membrane-spanning helices (S5-S6) with the pore-lining loop in between, as was shown in the structure of the potassium channel KvAP (3) . A basic feature of the S4 transmembrane segment in the VSD is the highly conserved pattern of up to eight basic residues, mostly arginines, at every third position that are involved in voltage sensing (4) (5) (6) (7) . Of these basic residues, the four outermost contribute the majority of the gating charge measured upon movement of the charges relative to the membrane electric field (8, 9) . Conserved acidic residues on S2 and S3 that interact electrostatically with basic residues on S4 have been shown to affect channel folding and gating properties (10, 11) and stabilize, inter alia, via electrostatic interactions the transition states of the VSD (12) . It has also been demonstrated that conservative mutations of noncharged residues on S4 affect channel gating due to small steric changes in the mutated residues (13) . Although a high-resolution structure of the activated VSD is available (3, 14, 15) , the voltage-dependent conformational changes it undergoes from the resting state (at hyperpolarized potentials) to the activated state are still unknown because the structure of the resting conformation has not yet been determined.
Theoretical analyses based on the crystal structure of homotetrameric K v s predict a conserved extracellular acidic residue on S1 that stabilizes the positively charged S4 (15) (16) (17) . Indeed, it has been shown that neutralization of the corresponding residue in the Shaker K v results in stabilization of the channel closed state, likely by precluding an electrostatic interaction that stabilizes the channel conformation in the open state (18) . However, the electrostatic constraints imposed by the negatively charged extracellular S1 residue on S4 dynamics have not been studied. Therefore, in this work we monitored energy perturbations resulting from single and double nonradical substitutions of the conserved extracellular acidic S1 residue (E43) and R1 (R113) and R2 (R116) on S4 of NaChBac. This approach enabled us to differentiate channel functional properties attributed to electrostatic interactions within the VSD, while avoiding the severe effects on the channel that may occur when modifying reagents or nonconservative point mutations are applied. On the basis of the helical-screw S4 trajectory (19) , a thermodynamic double-mutant cycle analysis of our results reveals putative electrostatic constraints that define the conformational state of S4 at rest and upon transition to the activated state.
MATERIALS AND METHODS
Site-directed mutagenesis, cell line culture, and transfection
The gene encoding NaChBac from Bacillus halodurans was amplified via polymerase chain reaction and subcloned into the vector pCDNA3.1 (Invitrogen, San Diego, CA). Mutants were generated using standard polymerase chain reaction techniques, and their sequence integrity was verified. Chinese hamster ovary (CHO) cells, grown in Dulbecco's modified Eagle's medium supplemented with 2 mM glutamine, 10% fetal calf serum, and antibiotics, were maintained at 37 C in 5% CO 2 /air. Briefly, cells seeded on poly-L-lysine-coated glass coverslips (13 mm in diameter) in a 24-multiwell plate were cotransfected with pIRES-CD8, as a marker for expression, along with wild-type or mutant pCDNA3.1-NaChBac. For electrophysiology, the CHO cells were visualized 2 days after transfection using the anti-CD8 antibody-coated beads method (20) . All transient transfections were performed with TransIT-LT1 (Mirus, Madison, WI) according to the manufacturer's instructions.
Patch-clamp electrophysiology
Recordings of macroscopic Na þ currents mediated by NaChBac-transfected CHO cells were performed using the whole-cell configuration of the patchclamp technique (21) . Signals were amplified using a HEKA EPC10 patchclamp amplifier (HEKA Instruments, Lambrecht/Pfalz, Germany), sampled at 10 kHz and filtered at 2.9 kHz. Data were acquired using PatchMaster 2.4 software. The results were analyzed using Igor Pro v6.04 (WaveMetrics, Portland, OR). The patch pipettes were pulled from borosilicate glass (Warner Instrument Corp., Holliston, MA) with a resistance of 3-4 MU and were filled with 5 mM NaCl, 105 mM CsF, 10 mM EGTA-Cs, 10 mM HEPES. The pH was adjusted to 7.4 with CsOH. The bath solution contained 150 mM NaCl, 2 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES. The pH was adjusted to 7.4 with NaOH. Cell and electrode capacitance and 75-90% of the series resistance were compensated with internal voltageclamp circuitry. Residual linear leak and capacitance were subtracted by using a P/4 or P/5 protocol. The currents were measured from a holding potential of À140 mV in response to various test potentials, followed by a 20 s interval at the holding potential to allow for recovery from inactivation. Because the channels activate, inactivate, and recover from inactivation more rapidly at 10 C above room temperature (22) , all experiments were performed at 32 C using a heated bath platform (Warner Instrument Corp.) with a custom-made temperature controller.
Data analysis
Peak currents (I) were measured after a series of 300 ms depolarizing test pulses at 10 mV increment intervals, and were plotted versus the test potentials (I-V). The conductance of wild-type NaChBac and mutants (G) was calculated from steady-state peak currents obtained from the I-V plot using the equation G ¼ I/(V À V rev ), where V is the test potential and V rev is the reversal potential for the Na þ current calculated from the intercept of the linear fit of currents before and after reversal. G was normalized to the maximal conductance (G/G max ). The data points of normalized G-V curves were fitted to the two-state Boltzmann function:
where G/G max is the normalized conductance relative to G max , V is the test potential, V 0.5 is the voltage required to elicit 50% of G max , z is the effective valence, F is Faraday's constant, R is the gas constant, and T is the temperature in K. Steady-state availability (h N ) curves, which describe the fraction of channels that did not enter the inactivation process after a depolarization pulse, were constructed using a double-pulse protocol with a 2 s conditioning prepulse and 300 ms test pulse durations. The peak current amplitudes obtained from test pulses were normalized to their maximal values and plotted versus the corresponding conditioning pulse. The fitting was performed using the two-state Boltzmann function
where V pp is the prepulse potential and V 0.5 is the potential when the probability for channel availability is 50%. The V 0.5 -and z-values from the twostate Boltzmann fitting were used to estimate changes in Gibb's free energy (DG) for channel activation and availability assuming a two-state transition (from closed to open or from available to unavailable) at test potential V t using the equation DG ¼ 0.2389zF(V 0.5 À V t ). To avoid errors arising from overextrapolation of DG, we used V t -values as close as possible to the informative voltage range of channel activation (or availability) that elicits 10-90% of channel open probability (P o ). Unless otherwise stated, V t for DG calculations from steady-state activation and availability curves was À40 and À85 mV, respectively. Changes in DG (DDG) for each mutation were estimated by DDG ¼ DG WT/Mut ¼ DG Mut À DG WT . The free energy that couples two sites in the protein was calculated by
RESULTS
Effects of substitution E43C on the steady-state activation and availability of NaChBac S1-S4 sequence alignment among representative members of the S4-based VSDs indicates that the acidic residue at the extracellular side of S1 (E43 in NaChBac) is highly conserved (Fig. 1) . We neutralized this acidic residue by substitution with cysteine, as was previously demonstrated for other acidic residues on the VSD of NaChBac (23) . We then tested the effect of this substitution on gating properties of NaChBac expressed in CHO cells by recording currents using the whole-cell, patch-clamp configuration. A series of increasing depolarizing pulses ranging from À140 mV to þ60 mV, and depending on the mutant threshold of activation, were used to generate normalized steady-state activation curves (G-V) and steady-state inactivation curves (channel availability curves; Fig. 2 and Tables 1 and 2) . A comparison of the normalized G-V curves obtained from the wild-type channel and the E43C channel mutant revealed a 47 mV shift in V 0.5 toward the depolarizing potentials from V 0.5(WT) ¼ À55.6 mV 5 0.6 (n ¼ 11) to V 0.5(E43C) ¼ À8.4 mV 5 2.4 (n ¼ 12; Fig. 2 , solid symbols). A 13 mV shift in the same direction was obtained for the availability Fig. 2 , open symbols). The shifts in G-V and the availability curves were reflected by changes in DG (DG WT/E43C ) of 2.7 kcal/mol and 0.9 kcal/mol, respectively (see Fig. 4, A and B) . Since higher potentials were required to activate the mutant channel compared to the unmodified channel, it is likely that E43 stabilizes the channel open state, whereas the E43C substitution stabilizes the channel in its closed state.
Evaluation of E43 interactions with R1 and R2 by double-mutant cycle analysis E43 in NaChBac is analogous to E183 in K v 1.2, which belongs to an external negatively charged cluster on the VSD (15) . In S4 of NaChBac, R1 and R2 (but not R3 or R4) are accessible for membrane-impermeant thiol reagents (24) . Therefore, we examined the putative interactions of E43 with the two outermost arginines on S4 by their conservative substitution with another basic residue, lysine, to minimize perturbation in VSD function, as previously demonstrated by Chahine et al. (25) . Energetic perturbations (DG) in channel activation and availability due to the mutations were calculated from normalized G-V and availability curves fitted with a two-state Boltzmann function ( Fig. 3 ; curve parameters are shown in Tables 1 and 2 ). The DG perturbations (DG WT/Mut ) of channel activation and availability for each single-and double-channel mutant were calculated. As is evident in Fig. 4 , A-C, the calculated DDG for each double mutant was not the sum of the DDG values calculated for each mutation alone (nonadditive), indicating interdependence in each of the residue pairs. Since R1K substitution shifted the V 0.5 of the G-V curve to more hyperpolarized potentials and simultaneously lowered its slope (z), the DG-V lines, derived from the normalized G-V curves of the wild-type and mutant R1K, intersect at~À45 mV where DDG equals zero (Fig. 4 D) . Accordingly, the significant left shift of the G-V curve of NaChBac upon R1K substitution is concealed if the reference potential, V t , for the DG calculation is~R45 mV (Figs. 3 A and 4 D) . Therefore, for the analysis of steady-state activation involving R1, we calculated the DDG values at both À40 mV and À70 mV. The changes in DG of the R1K mutant (DG WT/R1K ) were À2.6 kcal/mol for channel availability (Fig. 4 B) and insignificant for the steady-state activation at À40 mV (Fig. 4 A) . Nevertheless, at À70 mV, the DDG value for the steady-state activation of R1K mutant was À0.85 kcal/mol (Fig. 4 C) . These results indicate that the R1K mutation stabilized the open/unavailable state of the channel at relatively hyperpolarized potentials. Introduction of the R1K substitution into the background of mutant E43C resulted in a À1.4 kcal/mol perturbation in DG for channel availability (Fig. 4 B) , without a significant effect on DDG for activation FIGURE Tables 1 and 2 for details. (Fig. 4 A; DG E43C/E43C-R1K ), implying that the stabilizing effect on the open state of the channel caused by the R1K substitution had diminished. Although the R1K effect on channel availability in the background of E43C was apparently significant at hyperpolarized potentials, the gradual availability curve obtained ( Fig. 3 C and Fig. S2 in the Supporting Material) indicates a reduced contribution of R1K substitution to channel availability in the background of the E43C mutant. In contrast to R1K, the DG perturbations in the R2K mutant were 1.6 kcal/mol for the steady-state activation (Fig. 4 A) and negligible (0.34 5 0.29 kcal/mol) for the channel availability (Fig. 4 B) . These results suggest that the R2K substitution stabilized the closed state of the channel. However, introduction of the R2K substitution into the background of mutant E43C resulted in a À1.6 kcal/mol perturbation in DG for activation (Fig. 4 A; DG E43C/E43C-R2K ) and a À1.9 kcal/mol perturbation in DG for channel availability (Fig. 4 B) . These results indicate that R2K in the background of E43C stabilized the open available state of the channel.
The coupling energy (DDG coupling ) for the E43C/R1K pair was À1.2 kcal/mol, as calculated from the availability curves (Fig. 5, second bar from the right) . This value is compatible (in magnitude and direction) with the coupling energy for channel activation at À70 mV with DDG coupling of À0.9 kcal/mol (Fig. 5, second bar from the left) . The DDG coupling for the E43C/R2K pair was 3.15 kcal/mol and 2.2 kcal/mol, respectively, as per activation and channel availability (Fig. 5) . Since <3 kcal/mol is required for wild-type channel activation in the linear range of the DG-V relation (10% < P o < 90%; Fig. 4 D, range between  triangles) , the coupling energies obtained here are physiologically significant. Overall, these results draw a dynamic picture of the interactions of E43 with either R1 or R2 during channel activation.
DISCUSSION
The double-mutant cycle analysis suggests coupling (e.g., electrostatic) between E43 and R1 or R2. The 47 mV shift in NaChBac activation (V 0.5 ) toward depolarizing potentials, when the charge of E43 was eliminated (substitution E43C), is in agreement with results previously obtained for neutralization of the corresponding residue in the Shaker K v (18) , and the right-shift upon substitution of the corresponding negatively-charged residue on DII of the rat brain sodium channel rNa v 1.2 (see Fig. 5 a in Cestèle et al. Tables 1 and 2 for details.
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(26)). The coupling energies of E43C and R1K were evident from the insignificant contribution to the free-energy perturbations of the double mutant compared to the E43C mutant. The left shift of the activation and availability curves upon R1K substitution (destabilization of the closed/available state) together with the calculated coupling energy of E43C/R1K implies that the interaction of E43 with R1 in the wild-type channel is essential for stabilization of the closed/available state, as was apparent at membrane potentials below À45 mV. On the other hand, the right shift of the activation curve upon R2K substitution (stabilization of the closed state) along with the large E43C/R2K coupling energies implies that the interaction of E43 with R2 stabilizes the open/unavailable state during channel activation. Surprisingly, despite the stabilizing effect of either E43C or R2K substitutions on the closed/available state of the channel, the double mutation E43C/R2K stabilizes the open/unavailable state, as inferred from the perturbations in DG and the high coupling energies obtained (Figs. 4, A  and B, and 5 ). This opposing effect may result from compensatory changes in energetic minima arising in each single channel mutant for the transition between states (Fig. 3, B  and D) .
The stabilization of the closed state of the Shaker K v channel upon substitution of E247W (equivalent to E43 in NaChBac) was interpreted as a result of destabilization of the open state by precluding the formation of a salt bridge observed in the crystal structure of the open conformation (18) . Our results obtained for the single and double mutations suggest that it is not the interaction with R1 but the elimination of the ability of E43 to interact with R2, a possible intermediate state during the activation process, that contributes to stabilization of the closed state of the channel. When R1 is substituted, E43 can readily interact with R2 (and probably with R3; see below) and stabilize the channel open/unavailable state, as shown in Fig. 3 , A and C.
Overall, our double-mutant cycle analysis confirms the interactions between E43 on S1 and R1 and R2 on S4, and, on the basis of the structural and functional viewpoints of the helical screw (19) and electrostatic (12) models of S4 motion, enables us to dissect the conformational rearrangements of the VSD during channel activation as follows: According to the helical-screw model, S4 rotates by~60 about its axis and translates~4.5 Å along its axis for every moving step upon membrane depolarization, which brings every emerging arginine to the spatial position of the adjacent arginine three residues apart. In the electrostatic model, the S4 movement is funneled by a series of local energetic minima that correspond to electrostatic interactions of positive charges on S4 with negative charges on S2 and S3. Each helical-screw step corresponds to a shift of S4 between two energetic minima via thermal transitions. A recent study (17) suggested a number of open and closed putative conformations of the VSD in a structural model of NaChBac, two of which-Closed 2 and Open1 (Fig. 6 )-are most relevant to the mutations examined in our study. Therefore, in the initial stage of our modeling, we examined the transition of a single helical screw step between the Closed 2 and Open1 conformations. Qualitative changes in equilibrium between these conformations that are defined by the electrostatic interactions of positively charged groups on S4 with negatively charged residues within the VSD upon mutagenesis are schematically illustrated in Fig. 7 . According to this model, neutralization of the charge in E43 stabilizes the closed state of the channel (Fig. 7, A and B) by disabling its electrostatic interaction with R2. Along this line, the E43C substitution disables as well an electrostatic interaction with R1, and therefore subsequent R1K substitution has no net effect on the equilibrium in favor of the open or the closed states of the channel (Fig. 7 C) . The R2K substitution in the background of E43C destabilizes the closed state because the probability of electrostatic interaction between D60 (on S2) and R2 decreases, whereas the interaction of D60 with R3 is promoted, thus stabilizing the open state of the channel (Fig. 7 D) . Our results fit well with the qualitative projections of this model, which unequivocally explains FIGURE 6 Ribbon representations of NaChBac VSD. S1, cyan; S2, green; S3, yellow; S4, orange. Negatively charged residues of S1-S3 are colored in red, R1-R4 on S4 are colored in blue. The Closed 2 model of NaChBac (left) and Open1 model of NaChBac (right) are shown. The VSD model of NaChBac was provided by Shafrir et al. (17) and the structural representation was generated using PyMOL (DeLano Scientific). 
R1
x E43 FIGURE 7 Transition among putative VSD conformations in NaChBac and mutants. The schematic model describes electrostatic interactions and movement of S4 (orange rod) relative to S1-S2-S3 (green). Interacting residues are according to Shafrir et al. (17) . Blue plus signs represent arginines (R1-R4) on S4; red minus signs represent acidic residues E43 (S1), D60 (S2), E70 (S2), and E93 (S3); black X signs on S4 represent R1K or R2K substitutions, as well as the E43C substitution. changes in channel gating properties upon each combination of substitutions, including the apparently puzzling reduced energetic barrier for channel activation of the double mutant E43C-R2K compared to the corresponding single mutants.
Because more than two transition states have been suggested for the entire process of channel activation (17, 19, 27, 28) , we sought to determine whether additional states other than Closed 2 and Open1 would comply with our model. One of these transition states, Open2, positions S4 one helical screw step outward relative to the Open1 conformation, such that R3 (R119 in NaChBac) opposes E43 (17) . According to our model, the transition from Closed 2 to Open2 in any of the mutants examined here would not affect the equilibrium trend described for the transition from the Closed 2 to Open1 conformation. This may suggest that an open channel includes the Open2 conformation. Another transition state, Closed 1 , positions S4 one helical screw step inward relative to the Closed 2 state, such that R1 opposes D60 (Fig. 7 E, left) (17) . The predicted effect of E43C/R1K double mutation on the equilibrium among three channel states in the activation process, including the Closed 1 conformation, is illustrated in Fig. 7 E. The R1K substitution in the background of E43C (Fig. 7 E, left) stabilizes the Closed 2 conformation over Closed 1 (Fig. 7 E, middle) because 1K (lysine that replaces R1) may weakly interact with D60, whereas the interaction of R2 with D60 is energetically favored. The transition that follows to the Open1 state (right) is then similar to that described in Fig. 7 C, with no change in the equilibrium of channel activation. Of note, the transition of the E43C-R1K double mutant from the Closed 1 (Fig. 7 E, left) to Closed 2 conformation (Fig. 7 E, middle) is analogous to the transition that the E43C-R2K double mutant undergoes from the Closed 2 to Open1 conformation (Fig. 7 D) . A Closed 1 -Closed 2 -Open1 transition upon R1K substitution in the background of E43C, as depicted in Fig. 7 E, would overall stabilize the open state of the channel. However, this transition, as shown on the left-hand side of Fig. 7 E, is incompatible with the lack of effect shown in our results, and is simulated to demonstrate that the trajectories of R1 and R2 regarding their interactions with E43 are likely dissimilar. This consideration and the opposing effects of the single R1K and R2K substitutions compared with their effects in the background of E43C suggest that the prevalent resting conformation of the VSD is unlikely to position S4 further inward than its position in the Closed 2 conformation where R1 opposes E43. Yang et al. (29) reached a similar conclusion regarding the position of S4 at rest when the N-terminal residue on S4 of the Shaker K þ channel was substituted (L361R). Of note, our conclusion about the prevailing VSD conformation at rest disagrees with previous models suggested for the Shaker channel (15, 30, 31) .
The transition from the Closed 2 to Open2 conformation will relocate S4~9 Å along its axis and rotate it by~120 if a rigid S4 a-helix is assumed (19) . This S4 trajectory is in agreement with recent luminescence resonance energy transfer measurements of 10 5 5 Å with a vertical component of 5 5 2 Å (32).
Our suggested constraint for the resting state is also supported by previous u-scan assays (33) . Substitution of R1 on S4 in the Shaker K v to histidine (34) or to a smaller uncharged residue renders the hydrophobic plug that separates the external and internal solutions in the VSD permeable to ions (the u current) in the resting conformation (35) . The u conductance pathway was analyzed using a series of mutations added in the background of an u conducting R1S Shaker channel mutant (33) . The large perturbations in the u current upon substitution of E247D on S1 (corresponding to E43 in NaChBac), E283D on S2 (corresponding to D60 in NaChBac), and R2Q on S4 suggest that they are in the pathway of the u current. These data are consistent with R1 and R2 being opposed to E247 and E283, respectively, at rest (analogously to the Closed 2 conformation) because they support an u current pathway < 10 Å in length. In this respect, the previously suggested constraint obtained when R1 is in close proximity to E283 (30, 31) or further inward (15) is inconsistent with a narrow (<10 Å ) hydrophobic plug within the VSD (36) (37) (38) (39) .
In conclusion, the S1 extracellular negatively charged residue imposes constraints (presumably electrostatic) on the S4 position at rest and upon activation of NaChBac. Because our results are in agreement with previous findings for the Shaker potassium channel (33), the highly conserved charged residues and architecture of the VSD module suggest that these constraints may fit other S4-based VSDs. The definition of the S4 position at rest can be used as a baseline constraint for constructing models that can be examined experimentally and computationally to elucidate the detailed trajectory of S4 upon channel activation. It also provides a starting point for further calculations of the driving force that enables channel opening.
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